Background/Aims. Refractory wounds in diabetic patients constitute a serious complication that often leads to amputation with limited treatment regimens. The present study was designed to determine the protective effect of Ganoderma lucidum polysaccharide (Gl-PS) on diabetic wound healing and investigate underlying mechanisms. Methods. Streptozotocin (STZ)-induced type 1 diabetic mice with full-thickness excisional wounds were intragastrically administered with 10, 50 or 250 mg/kg/day of Gl-PS. Results. Gl-PS dose-dependently rescued the delay of wound closure in diabetic mice. 50 and 250 mg/kg/ day of Gl-PS treatment significantly increased the mean perfusion rate around the wound in diabetic mice. Diabetic conditions markly increased mitochondrial superoxide anion (O 2 · -) production, nitrotyrosine formation, and inducible nitric oxide synthase (iNOS) activity in wound tissues, which were normalized with Gl-PS treatment. In diabetic wound tissues, the protein level of manganese superoxide dismutase (MnSOD) was unchanged whereas MnSOD activity was inhibited and its nitration was potentiated; Gl-PS administration suppressed MnSOD nitration and increased MnSOD and glutathione peroxidase (GPx) activities. Moreover, Gl-PS attenuated the redox enzyme p66Shc expression and phosphorylation dose-dependently in diabetic mice skin. Conclusion. Gl-PS rescued the delayed wound healing and improved wound angiogenesis in STZinduced type 1 diabetic mice, at least in part, by suppression of cutaneous MnSOD nitration, p66Shc and mitochondrial oxidative stress.
Introduction
Impaired cutaneous wound healing in diabetic patients is a serious complication that often leads to amputation [1] . It is estimated that every 30 seconds a lower limb is lost worldwide as a result of diabetes with limited treatment regimens [2] . Various factors contribute to impaired diabetic wound healing, including inflammatory 584 response, decreased quantity of granulation tissue, peripheral neuropathy and reduced wound angiogenesis [3, 4] . Oxidative stress has been proposed as an important pathogenic factor in diabetic wound complications [5] . Sustained hyperglycemia-mediated superoxide anion (O 2 · -) overproduction, which is the main initiator of oxidative stress, leads to the activation of several pathways involved in the pathogenesis of diabetic wound healing, including stimulation of the polyol and glucosamine pathways, activation of protein kinase C, formation of advanced glycation end products (AGEs) [6] . Through these pathways, increased intracellular reactive oxygen species (ROS) cause defective angiogenesis in response to ischemia and activate a number of proinflammatory pathways [5] . Several lines of evidence indicate that mitochondria are a major source of cellular ROS in diabetes [7] . Accordingly, our previous study demonstrated that cutaneous gene therapy of mitochondrial antioxidant enzyme manganese superoxide dismutase (MnSOD) was able to restore the delayed diabetic wound healing with suppression of wound O 2 · -, as well as a concomitant augmentation of nitric oxide (NO) level [8, 9] .
Ganoderma lucidum (Leyss. ex Fr.) Karst. (Lingzhi), one of the most popular medicinal fungi with a long history in oriental countries, has been extensively used in the treatment of a variety of diseases including cancer, hyperlipidemia, diabetes, neurasthenia, insomnia, hypertension and chronic hepatopathy [10, 11] . Ganoderma lucidum polysaccharide (Gl-PS), a glycopeptide isolated from the water-soluble polysaccharides of Ganoderma lucidum, is the primary effective component of Ganoderma lucidum [12] [13] [14] . Our and some others' previous studies have demonstrated that Gl-PS administration significantly prevented the progression of diabetic renal complications and attenuated myocardial collagen cross-linking and AGEs in diabetic rats, by exerting greater antioxidative activity [15, 16] . Moreover, Gl-PS could significantly reduce malondialdehyde (MDA) content and ROS production and increase the MnSOD activity both in vivo and in vitro [17, 18] .
Therefore, in the present study, we tested the hypothesis that Gl-PS could promote diabetic wound healing and identified underlying mechanisms by using full-thickness excisional wound and streptozotocin (STZ)-induced type 1 diabetic mice. Our results demonstrated that Gl-PS could rescue the delayed wound healing in diabeteic mice, through enhancing MnSOD activity, wound angiogenesis and NO level and suppressing mitochondrial oxidative stress.
Materials and Methods
Preparation of Gl-PS Ganoderma lucidum (Leyss. ex Fr.) Karst was collected in Fujian province, China. The fruiting body of Ganoderma lucidum (Leyss. ex Fr.) Karst was authenticated by Prof. MAO Xiaolan, Institute of Microbiology of Chinese Academy of Science. Gl-PS was extracted by hot water from the fruiting body of Ganoderma lucidum (Leyss. ex Fr.) Karst, followed by ethanol precipitation, reserve dialysis and protein depletion as previously described [19] . The yield of Gl-PS was 0.82% (w/w) in terms of the fruiting body of Ganoderma lucidum. The component sugar and molecular weight distribution of the glycopeptides were determined by gel permeation chromatography (GPC) and high performance liquid chromatography (HPLC). 
Animals
All procedures involving animals were conducted in accordance with the European Community guidelines for the use of experimental animals and approved by the Peking University Committee on Animal Care and Use. C57BL/6 male mice at 10-12 weeks of age (20-25 g, purchased from the Animal Center of Peking University, Beijing) were rendered diabetic by intraperitoneal (i.p.) injection of 60 mg/kg STZ (Sigma-Aldrich, St Louis, MO, USA) in 50 mM sodium citrate (pH 4.5) daily for 5 days, as previously described [9] . Control mice were treated with daily injection of citrate buffer. Blood glucose was measured from the mouse tail vein using an ACCU-CHEK Aviva blood glucose monitor (Roche, Mannheim, Germany). Once blood glucose level reached above 250 mg/dL, daily measurements followed for 1 week prior to experiments [20] .
Full thickness excisional wound and drug administration
A full thickness excisional wound was created as previously described [9] . Briefly, one week after blood glucose reached 250 mg/dL, mice were anesthetized with a halothane/ oxygen vapor mixture (1.0-1.5%), and the dorsum was clipped free of hair. Full-thickness skin was removed on the dorsomedial back of each animal using a 4-mm punch biopsy (Acuderm inc., Fort Lauderdale, FL, USA), exposing the underlying muscle, and then the wound was covered with a bioclusive transparent dressing (Johnson & Johnson, Milpitas, CA, USA). Wound closure rate was measured by tracing the wound area every other day onto the bioclusive dressing. Tracings were digitized, and areas were calculated in blinded fashion with the use of a computerized algorithm (Image-pro plus 5.0; Media Cybernetics, Inc., Silver Spring, MD, USA). Diabetic mice were divided into four groups and were Tie/Yang/An/Liu/Han/Xu/Hu/Li/Chen/Lin/Li Cell Physiol Biochem 2012;29:583-594 respectively given intragastrically 10, 50 and 250 mg/kg of Gl-PS or Gl-PS vehicle (i.e. distilled water) once daily since the date of wounding. Non-diabetic control received distilled water intragastrically.
Laser Doppler perfusion imaging
Tissue blood flow in regions of the dorsum wound area was measured by using a laser Doppler perfusion imager (MoorLDI, Moor Instruments Ltd, Devon, UK) on days 2, 4, 6 and 8 after surgery. This relative measure of volume flow is expressed in arbitrary perfusion units (PU). The recorded images were analyzed using dedicated software (MoorLDI v2.1; Moor Instruments Ltd, Devon, UK) and the perfusion value was taken and divided by the baseline measurement to give a ratio representing the change in flow.
Superoxide and mitochondrial superoxide measurement
The superoxide-sensitive fluorescent dye dihydroethidium (DHE) was used to evaluate in situ production of O 2 · -on wound closure as described [9] . Unfixed frozen skin tissues were cut into 30-µm sections and placed on glass slides. Slides were incubated with 1 µM DHE (Invitrogen, Carlsbad, CA, USA) in a light-protected, humidified chamber at 37°C for 30 minutes and then coverslipped. Mitochondrial superoxide was measured using the fluorogenic probe MitoSOX Red (Invitrogen, Carlsbad, CA, USA). Slides were incubated with 5 µM MitoSOX Red at 37°C for 10 minutes and then coverslipped. Fluorescence images were immediately captured with an inverted microscope (1X2-ILL100; Olympus, Tokyo, Japan). Images were collected and stored digitally.
Lipid peroxide measurement
Lipid peroxide was determined by measuring MDA in the skin homogenate. Skin tissues were homogenized in lysis buffer (1% Triton-X100, 50 mM Tris-HCl (pH 8.0), 0.25 M NaCl, 5 mM EDTA, 1:4 (w/v)), homogenates were centrifuged (12, 000 g for 15 minutes, 4°C) and protein supernatants were measured. The lipid peroxide level was established spectrophotometrically at 532 nm by thiobarbituric acid test, as the extinction coefficient and was expressed as µM MDA/mg protein [21] .
Nitrite measurement
Wound tissues were cut into small pieces on wound closure and used to determine the nitrite level with the NO assay kit (Keygen, Nanjing, China). After incubation with Eagle's minimal essential medium (EMEM) in a CO 2 incubator for 24 hours, wound tissues were weighed, and the NO stable metabolite nitrite concentration in EMEM was determined [8] . The absorbance at 540 nm was measured with a microplate reader (Thermomax, Molecular Devices Corp., Menlo Park, CA, USA). The concentrations of nitrite were calculated following the instruction of the kit.
NOS activity assay
Skin tissues were homogenized and centrifuged, and supernatants were subjected to NOS activity assay with a commercial NOS assay kit (Keygen, Nanjing, China). Briefly, aliquots of supernatants were incubated with the working solution supplied in the kit, and after incubation at 37°C for 15 min the reaction was terminated by adding the terminating solution provided in the kit. The absorbance was determined using the spectrophotometer at 530 nm. Constitutive NOS (eNOS and neuronal NOS) activity was determined by taking the difference between total NOS activity and inducible nitric oxide synthase (iNOS) activity, as we previously described [9] . Results were normalized to protein content as measured by the bicinchoninic acid (BCA) assay (Thermo Scientific Pierce, Rockford, IL, USA).
MnSOD and CuZnSOD activity assay
MnSOD and copper-zinc superoxide dismutase (CuZnSOD) activity in skin was measured as described previously [8, 22] with minor modification. Briefly, Skin tissues were homogenized in cold lysis buffer mentioned above, and homogenates were centrifuged at 12,000 g for 15 minutes at 4°C. To separate mitochondrial MnSOD from cytosolic CuZnSOD, protein supernatants were treated with CuZnSOD inhibitor and subjected to a commercial superoxide dismutase (SOD) assay kit (Beyotime Institute of Biotechnology, Jiangsu, China).
Catalase activity assay
To examine the catalase specific activity, skin tissues were homogenized in cold lysis buffer mentioned above, and homogenates were centrifuged at 12,000 g for 15 minutes at 4°C. Catalase activity was assayed according to a commercial catalase assay kit (Beyotime Institute of Biotechnology, Jiangsu, China).
Glutathione and GPx measurement
For the total glutathione content and glutathione peroxidase (GPx) assay, skin tissues were homogenized in cold lysis buffer mentioned above, and homogenates were centrifuged at 12,000 g for 15 minutes at 4°C. Glutathione content and GPx activity in the supernatants were analyzed according to the manufacturer's manual (Beyotime Institute of Biotechnology, Jiangsu, China).
Immunoprecipitation assays
Solubilized isolated proteins (250 µg) were resuspended in 200 µl of RIPA buffer (9.1 mM Na 2 HPO 4 , 1.7 mM NaH 2 PO 4 , 150 mM NaCl, 0.5% sodium deoxycholate, 1% v/v Nonidet P40, 0.1% SDS, pH 7.2) [23] . Polyclonal anti-MnSOD antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added and incubated overnight at 4°C. Immune complexes were precipitated with 20 µl protein A/G-Agarose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and collected by centrifugation at 1,000 g for 5 min at 4°C, and then washed four times with RIPA buffer. Immunoprecipitated samples were recovered by resuspending in 2x sample loading buffer, heated in boiling water for 5 min, and immediately fractionated by reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the sample was incubated with 10 µg/ml IgG as negative control. Nitration of MnSOD was detected by chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 
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Immunoblot analysis
Briefly, skin tissues were homogenized in lysis buffer (1% Triton-X100, 50 mM Tris-HCl (pH 8.0), 0.25 M NaCl, 5 mM EDTA) with a mixture of protease inhibitors (Calbiochem, San Diego, CA, USA). Homogenates were centrifuged (12,000 g for 15 minutes, 4°C), and protein supernatants were measured using the BCA method. Equal amounts of protein were analyzed by using 12% SDS-PAGE and electrophoretically transferred onto polyvinylidene difluoride (PVDF) immobilion-P membranes of 0.45-µm pore size (Millipore Corp, Bedford, MA, USA). Membranes were blocked in blocking buffer (phosphatebuffered saline plus 0.05% Tween-20 and 5% non-fat dry milk) for 1 h or more, and then incubated overnight at 4°C with following antibodies. Mouse anti-nitrotyrosine (1/200) (Cayman Chemicals, Ann Arbor, MI, USA), rabbit anti-MnSOD (1/1,000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse antip66Shc (1/1,000) (BD Biosciences, Franklin Lakes, NJ, USA), mouse anti-p66Shc phosphorylated at Ser 36 (1/200) (Axxora Platform, San Diego, CA, USA), rabbit anti-Pin1 (1/1,000) (Cell Signaling Technology, Beverly, MA, USA), mouse antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1/ 10,000) (Sigma-Aldrich, St Louis, MO, USA). After incubation with the appropriate horseradish peroxidase-conjugated secondary antibody, blots were developed using an enhanced ECL detection kit. The staining intensity of the bands was determined by densitometric image analysis.
Statistical analysis
Data were expressed as means ± SEM. The significance of differences between groups was evaluated by unpaired Student's t-test. When >2 treatment groups were compared, one-way ANOVA with Newman-Keuls test was used. A probability level of P<0.05 was considered statistically significant.
Results
Induction of diabetes in mice
As shown in Table 1 , STZ administration-induced diabetes in mice was shown by hyperglycemia (blood glucose levels: 415.00 ± 21.57 vs. 169.10 ± 6.56 mg/dL in normal control mice, P<0.001). Diabetes also resulted in a highly significant impairment of body weight gain (21.44 ± 0.80 vs. 25.68 ± 0.36 g in normal control mice, P<0.001). Gl-PS treatment at dose of 10, 50 mg/kg and 250 mg/kg did not significantly modify either blood glucose or body weight.
Effects of Gl-PS on wound healing in diabetic mice
As shown in Fig. 1A , compared with control mice, the rate of wound closure was significantly delayed in diabetic mice (39.51 ± 3.72% vs. 68.40 ± 2.36% on day 6, P<0.01). Gl-PS administration (250 mg/kg) to diabetic mice significantly accelerated the rate of wound closure by as much as 2 days and continued through day 14. The percentage of wound closure on day 6 in diabetic mice treated with 250 mg/kg Gl-PS was significantly higher than that of diabetic control mice (61.34 ± 7.06% vs. 39.51 ± 3.72% on day 6, P<0.05) (Figs. 1B, 1C) . There was significant difference in wound healing between diabetic mice treatment with Gl-PS at dose of 50 mg/kg and diabetic control mice except on day 2 and 6 (51.76 ± 8.01 vs. 39.51 ± 3.72% on day 6, P>0.05). There was no significant difference in wound healing between diabetic mice treatment with Gl-PS at dose of 10 mg/kg and diabetic control mice except on day 2, 8 and 14 (50.08 ± 3033 vs. 39.51 ± 3.72% on day 6, P>0.05). 
Effects of Gl-PS on perfusion around the wound in diabetic mice
The mean perfusion rate around the wound was analyzed by using laser Doppler perfusion imager at days 2, 4, 6, and 8 after surgery (Fig. 2A) . The mean perfusion rate was steadily increased and peaked on day 6, then plateaued and started declining in different groups.
A B C D Compared with control mice, the mean perfusion rate was significantly decreased at day 2 and continued through day 8 in diabetic mice (100.00 ± 9.92 vs. 70.63 ± 6.60 on day 6, P<0.05). 250 mg/kg Gl-PS treatment significantly increased the mean perfusion rate on day 2, 4, 6 and 8 in diabetic mice (106.70 ± 6.20 vs. 70.63 ± 6.60 on day 6, P<0.05) (Fig. 2A) . 50 mg/kg Gl-PS treatment induced an upregulation of the mean perfusion rate on day 4, 6 and 8 in diabetic mice (106.20 ± 6.67 vs. 70.63 ± 6.60 on day 6, P<0.05). There was no significant difference in the mean perfusion rate between diabetic mice treatment with Gl-PS at dose of 10 mg/kg and diabetic control mice (89.87 ± 8.00 vs. 70.63 ± 6.60 on day 6, P>0.05) (Figs. 2B, 2C) . (Fig. 3A) . Cutaneous O 2 · -level in diabetic mice treatment with Gl-PS was significantly attenuated compared with that of untreated diabetic mice (Fig. 3A) . Consistently, MitoSOX Red staining revealed that increased cutaneous mitochondrial O 2 · -level in diabetic mice was diminished by Gl-PS treatment (Fig.  3B) .
Gl-PS Accelerates Refractory Wound Healing in Type 1 Diabetes
Effects of Gl-PS on cutaneous
Effects of Gl-PS on cutaneous nitrotyrosine formation and MDA level in diabetic mice
Excessive production of O 2 · -is known to rapidly react with NO to form the stable peroxynitrite anion (ONOO -) which is highly toxic and thought to be principal mediators of oxidative cellular damage [23] . Cutaneous ONOO -formation was determined by using nitrotyrosine antibodies. As shown in Fig. 3C , nitrotyrosine was detected mainly in the protein bands of 55 kDa in skin and levels of nitrotyrosine increased dramatically in untreated diabetic mice skin. 50 and 250 mg/kg Gl-PS treatment significantly suppressed nitrotyrosine formation in diabetic mice skin. Moreover, 50 and 250 mg/kg Gl-PS administration dose-dependently attenuated MDA concentrations, a lipid peroxidation index, in diabetic mice skin (Fig. 3D) .
Effects of Gl-PS on nitrite level and NOS activity in diabetic mice
Cutaneous NO level was estimated by measuring its stable metabolite nitrite. Cutaneous nitrite level was significantly reduced in untreated diabetic mice compared to the non-diabetic controls. 50 and 250 mg/kg Gl-PS administration resulted in a significant increase of cutaneous nitrite level in diabetic mice compared to untreated diabetic mice (P<0.05) (Fig. 4A) .
We further evaluate whether cNOS and iNOS activities were altered by Gl-PS treatment. In untreated diabetic mice, cutaneous cNOS activity was decreased, Tie/Yang/An/Liu/Han/Xu/Hu/Li/Chen/Lin/Li in contrast, iNOS activity was significantly increased. Gl-PS treatment markedly suppressed iNOS activity in diabetic mice, and 50 and 250 mg/kg Gl-PS administration leaded to augment of cNOS activity (Figs. 4B, 4C) . 
Gl-PS Accelerates Refractory Wound Healing in Type 1 Diabetes
Effects of Gl-PS on cutaneous MnSOD/ CuZnSOD, catalase and GPx activities and glutathione level in diabetic mice
SODs constitute the first defense step by preventing superoxide anion from forming singlet oxygen. To understand the mechanism underlying the protective effect of Gl-PS, changes in activities of SODs, GPx and catalase and total glutathione content were investigated. As shown in Fig. 5A , diabetic mice had lower MnSOD activity, Gl-PS administration markedly enhanced MnSOD activity in diabetic mice in a dose-dependent manner, while it did not modify activities of CuZnSOD. GPx (Fig. 5C) and catalase (Fig. 5B ) activities in diabetic mice were significantly reduced as compared with nondiabetic control animals; Gl-PS treatment restored GPx activity but it did not modify the decrease of catalase activity in diabetic mice skin. Furthermore, total glutathione content was significantly decreased in the skin of diabetic mice, Gl-PS administration resulted in a higher level but no obvious differences in the total glutathione content (Fig.  5D) .
Effects of Gl-PS on MnSOD nitration/ inactivation in diabetic mice
We next estimated whether MnSOD protein level was altered by Gl-PS treatment. MnSOD protein expression level was the same in different group (Fig.  6A) . Intracellular peroxynitrite could promote nitration of tyrosine residues on proteins; MnSOD, one of the targets of tyrosine nitration, could be inactivated by peroxynitrite [24] . Immunoprecipitation of cellular nitrated MnSOD with anti-MnSOD antibody and anti-nitrotyrosine antibody were used to pull down nitrotyrosine-MnSOD immunocomplex. The immunoprecipitated protein demonstrated an increase of nitrated MnSOD in untreated diabetic mice, and Gl-PS treatment alleviated MnSOD nitration in diabetic mice skin (Fig. 6B) .
Effects of Gl-PS on cutaneous p66 Shc and Pin1 level in diabetic mice
It has been reported that the adaptor protein p66Shc is implicated in mitochondrial ROS generation. Oxygenderived free radicals induce Ser 36 phosphorylation of p66Shc, allowing transfer of the protein from the cytosol to mitochondria via recognition and binding to prolylisomerase Pin1. After such mitochondrial internalization, p66Shc inducing ROS generation and apoptosis [25] . In untreated diabetic mice, cutaneous p66Shc, Ser 36 phosphorylation of p66Shc and Pin1 levels were significantly increased. Treatment with Gl-PS suppressed the p66Shc, Ser 36 phosphorylation of p66Shc and Pin1 levels in a dose-dependent manner (Fig. 7) .
Discussion
The present study provides first evidence that in vivo Gl-PS is able to 1) ameliorate the wound healing delay and increase perfusion around the wound in STZinduced type 1 diabetic mice, 2) significantly increase cutaneous NO, decrease mitochondrial O 2 · -production, and potentiate cutaneous MnSOD activity, 3) significantly normalize p66Shc, phosphorylation of p66Shc at Ser 36 and Pin1.
Our and some others' previous studies have demonstrated that Gl-PS has hypoglycemic activity by increasing plasma insulin both in STZ and alloxan-induced diabetic mice [26, 27] . However, our current result suggested that Gl-PS treatment could not reverse STZ induced glucose increase and body weight loss in STZ- induced type 1 diabetic mice. The results confirm our previous findings showing that pre-treatment of islets with Gl-PS potentiated alloxan-induced islets viability loss and inhibited free radicals production, whereas simultaneous addition of Gl-PS with alloxan could not prevent islet cells from being destroyed [26] . In addition, we have proved that Gl-PS pre-treatment up-regulated the glucose transporter 2 (GLUT2) protein expression in pancreatic islets of STZ-induced diabetic mice [10, 28] . Therefore, the pre-treatment of Gl-PS is required for protection of pancreatic islets against cytotoxicity.
Overproduction of superoxide is the first and key event in the activation of all other pathways involved in the pathogenesis of diabetes complications [29] . Excessive O 2 · -generation leads to the intracellular depletion of tetrahydrobiopterin (BH4), which is the essential cofactor for activity of all NOS enzymes. Reduced level of BH4 results in NOS uncoupling and the consequent production of O 2 · -instead of NO [30] . In the current study, Gl-PS treatment markedly suppressed iNOS activity and normalized both O 2 · -production and nitrotyrosine formation in diabetic mice. Compared with cutaneous cNOS activity, iNOS activity was enhanced in diabetic mice, indicating that iNOS uncoupling was critical to O 2 · -production. In support of this view, we have demonstrated that iNOS inhibition could also ameliorate impaired wound healing and attenuated cutaneous O 2 · -production and nitrotyrosine formation in diabetic mice (unpublished). Moreover, Gl-PS has been proved to be able to inhibit iNOS protein expression in BCG-induced hepatic damage in mice and Ganoderma lucidum could inhibit iNOS expression in macrophages [31, 32] . Presumably more NO formation via iNOS leads to elevated peroxynitrite formation. Here, we provide evidence that iNOS did not contribute to the nitrite formation, the surrogate marker of NO. Gl-PS administration evoked a significant increase of cutaneous nitrite level in diabetic mice with the inhibition of iNOS activity. In support of this possibility, by using the superoxide spin trap DEPMPO and the NO spin trap Fe-MGD complex, Huisman proved that BH4 cofactordeficient iNOS is not a NO-producing enzyme, but a superoxide-producing enzyme [33] .
Mitochondria are a main source of ROS in cells. Mitochondrial dysfunction increases electron leak and the generation of ROS from the mitochondrial respiratory chain (MRC) [34] The redox enzyme p66Shc, which localizes within the mitochondrial intermembrane space, produces approximately one third of the total intracellular hydrogen peroxide (H 2 O 2 ) pool [25] . It has been reported that p66Shc protein is up-regulated in aortas of diabetic mice; deletion of p66Shc could protect diabetic mice from hyperglycemia-induced, ONOO -generation, lipid peroxidation and endothelial dysfunction [35] . In this study, we showed consistently that Gl-PS administration led to the inhibition of both p66Shc expression level and oxidative stress in a dose-dependent manner. Fadini and Albiero [6] demonstrated that diabetic delayed wound healing was significantly improved in p66Shc knockout mice as compared with wild type mice. Pinton and Rimessi [36] demonstrated that under oxidative conditions activated protein kinase C-β could induce Ser 36 phosphorylation of p66Shc and trigger its mitochondrial accumulation after it being recognized and binding to the prolyl isomerase Pin1. In light of their report, our results show that Gl-PS treatment suppressed both Ser 36 phosphorylation of p66Shc and Pin1 levels, which indicates that Gl-PS may prevent the accumulation of p66Shc in mitochondria. In addition, Francia and delli Gatti [37] demonstrated that iNOS was up-regulated in aortas of old wild type mice with increased O 2 · -generation, whereas there were no age-dependent changes in p66Shc knockout mice. Therefore, p66Shc might be the upstream of iNOS. However, we did not address the exact molecular mechanism of p66Shc in regulation of iNOS by Gl-PS, which should be proved in the future studies.
It is known that the antioxidant defense system is depleted and that activities of antioxidant enzymes are reduced in diabetics [38] . SODs constitute the first line of defence against ROS. Cytosolic superoxide dismutase Gl-PS Accelerates Refractory Wound Healing in Type 1 Diabetes CuZnSOD and mitochondrial superoxide dismutase MnSOD convert intracellular superoxide radicals into hydrogen peroxide which are cleared by GPx and catalase further by converting it into water. However, our current data do not suggest the involvement of Gl-PS on the regulation of activities of CuZnSOD and catalase in diabetic mice skin. In support of this possibility, studies from our lab and elsewhere have demonstrated that Gl-PS exerted a greater effect on MnSOD others than CuZnSOD [17, 39, 40] . Because of the localization of MnSOD and GPx-1 in the matrix of the mitochondria, in close proximity to the production of ROS by the electron transport chain, these two enzymes are believed to be the primary antioxidant defense systems in the mitochondria [41, 42] . Therefore, we suggested that Gl-PS might be a mitochondria-targeted antioxidant. Although expression pattern of MnSOD remained unaltered in different groups, its activity in diabetic mice was significantly reduced compared to normal control, suggesting that the protein was inactivated. Tyrosine nitration of MnSOD was demonstrated more than 10 years ago and it is widely accepted that this modification involves enzymatic inactivation [43] . Moreover, peroxynitrite is the only known biological oxidant competent to inactivate MnSOD enzymatic activity, which has been detected in a number of human and animal models of disease [44] . We now provide evidence for the MnSOD nitration inhibition by Gl-PS together with MnSOD enzymatic activation in diabetic wound healing.
Conclusions
The findings of this study demonstrate that Gl-PS has ameliorated the wound healing delay in type 1 diabetes via suppressing mitochondrial oxidative stress (Fig. 8) . This finding could potentially provide a mechanistic basis for Gl-PS as a potential therapeutic strategy to refractory wound healing in diabetes.
